Introduction
In most of the higher plants, sucrose is the major sugar transported through phloem from photosynthetic leaves (source) to non-photosynthetic tissues (sink). Upon delivery to the recipient sinks, sucrose must be either degraded by sucrose synthase (Sus) into UDP-glucose and fructose or hydrolyzed by invertase (Inv) into glucose and fructose for further use. 1 Invs are categorized into apoplasmic, vacuolar and cytoplasmic subgroups. While Sus appears to be predominately involved in energy (ATP) generation and starch and cell wall biosynthesis, 2 Inv has been shown to play multiple pivotal roles in plant development and in response to stress via controlling carbon allocation and sugar signaling. 3 Research on the roles of Invs has been focused primarily at the transcriptional level. However, it has been speculated, largely based on in vitro studies, that Inv activity may be limited by a small group of inhibitory proteins with molecular masses (Mr) ranging from 15 to 23 kD. 4 Given that apoplamic and vacuolar Invs are intrinsically stable due to their glycan decoration, control of their activity may be highly dependent on posttranslational regulation. 5 Thus, elucidation of the potential control of Inv activity by its inhibitor in vivo is critically required for advancing our understanding of carbon allocation and plant development. 5, 6 Interaction between Invertase and its Inhibitor Plays Key Roles in Plant Development
By using a combination of molecular genetic, biochemical and cell biology approaches, we recently identified an invertase inhibitor, INVINH1, from tomato that specifically inhibits cell wall Inv activity in planta. 6 RNAi-mediated silencing of INHINV1 expression increased cell wall Inv activity by ~50% and ten
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Roles and implications in sugar signaling, carbon allocation, senescence and evolution 11 The fact that glucose can promote in vivo interaction between AtRGS1 and AtGPA1 suggests that AtRGS1 probably functions as a glucose-activated GAP to switch off G-protein signal transduction. 12 However, it remains unknown whether glucose can directly bind to AtRGS1. In addition, AtGPA1 is physically interacted with thylakoid formation 1 (THF1) that is localized both on the out envelope of plastids and stroma. 13, 14 The physiological significance of this interaction between AtGPA1 and THF1 is also associated with sugar sensing. 13, 14 Thus, it is likely that apoplasmic-localized glucose may be recognized by RGS1 which transmits the extracellular sugar signal into the cell through protein partners including GPA1 and THF1 (Fig. 1) . These observations, together with the finding that cell wall Inv activity is highly regulated by its inhibitor, 6 provide tools and opportunities to dissect the relationship between cell wall invertase, its inhibitor and G-proteins in sugar sensing and signaling from extrato intra-cellular compartments. model where modulation by inv inhibitor may function to control and optimize nutrient distribution during plant evolution. During senescence, leaves remobilize carbon and nitrogen back to the remaining bodies such as stem. 10 This nutrient-recycling strategy ensures efficient utilization of limited resources for the survival of plant species through evolution. The remobilization of carbon and nitrogen is achieved by breaking down stored protein into amino acids and starch into soluble sugars. 7, 10 The resultant amino acids and sugars (mainly in the form of sucrose) are then loaded into the phloem for translocation to the parental bodies. In this context, the dramatic increase in the expression of Inv inhibitor, INVINH1, as leaf ages, upon which expression of two Cys proteases SENU2 and SENU3 was induced and ABA-induced leaf aging proceeded, 6 may dictate the timing of senescence, thereby guaranteeing nutrient recycling.
A similar evolutionary role may be played by INVINH1 in reproductive organs. Here, INVINH1 interacted with a cell wall Inv, Lin 5, in the phloem parenchyma cells of fruit placenta connecting young seeds, where sucrose unloading follows an apoplasmic pathway. 6 This cellspecific limitation of the Inv activity by the inhibitor could ensure that each seed receives a small proportion of carbon just sufficient for its survival from a limited amount of resource available. This control could maximize the number of viable seeds from a given plant, a critical feature of plant evolution. Like offspring in mammals, being born at the right weight is the best strategy for survival and living.
Sugar Sensing from Apoplasm: A Link between Cell Wall Invertase and G-Protein?
One of the intriguing questions arisen from the analyses above is how plant cells sense changes of sugar levels in the apoplasm, a critical but unresolved issue faced by modern plant biology. The notion that plasma membrane sucrose or hexose carriers may function as 'receptors' for sugar sensing has not been backed by experimental evidence thus far. Based on recent work in Arabidopsis, we propose that glucose generated by invertase in apoplasm times in mature and old leaves, respectively, and two-fold in developing seeds and fruits, leading to delayed leaf senescence and an increase in seed weight and fruit hexose level. 6 The data demonstrate, for the first time, that cell wall Inv activity is highly elastic and subject to posttranslational control by its inhibitory protein in vivo. This functional protein-protein interaction could have profound implications in sugar signaling, plant senescence and evolution (see below).
Sugar Signaling Mediated by Cell Wall Invertase and its Inhibitor Acts Upstream of Hormone-Regulated Leaf Senescence
It is well known that abscisic acid (ABA) induces leaf senescence in many plant species including tomato 7 and rice. 8 The underlying mechanism, however, remains elusive. We found that silencing INVINH1 blocked ABA-induced leaf senescence and expression of senescence-associated genes, SENU2 and SENU3 without impacting on endogenous cytokinin levels. 6 These observations show expression of INVINH1, hence the decrease of cell wall Inv activity, is required for the senescence process. The reduction of cell wall inv activity by its inhibitor likely decreases the apoplasmic hexose level. The low hexose concentration in the leaf apoplasm may signify to (1) induce observed increase in the senescence-related Cys protease genes, SENU2 and SENU3 and (2) promote phloem loading of sucrose from storage carbohydrate in the leaves, which together leads to leaf senescence. Consistently, cytokinin-mediated delay in leaf senescence is dependent upon high cell wall Inv activity. 9 It is thus logical to conclude that sugar signaling from apoplasm likely acts upstream of ABA-and cytokinin-mediated leaf senescence.
Invertase Inhibitor as a Key Player Modulating Resource Allocation during Evolution
Given the essential role the apoplasmic Inv plays in carbon partitioning, it is intriguing as why there are inhibitory proteins such as INVINH1 that limit Inv activity? Here, we propose a resource allocation Figure 1 . a model on sugar sensing and signaling from extra-to intra-cellular compartments mediated by cell wall invertase, its inhibitor and G-proteins. Glucose generated by interaction between invertase and its inhibitor in apoplasm may be sensed by atrGS1. the GtP-bound active form of Gα can transmit glucose signal into the cytoplasm via direct interaction with atrGS1 and tHF1, and induce sugar responses. the active form of Gα can also regulate chloroplast development and photosynthesis in a tHF1-independent pathway via controlling nuclear gene expression. A Golgi-localized hexose transporter (SGB1) has been genetically identified to mediate Gβγ signaling. cW; cell wall. Pm; plasma membrane. n; nucleus.
